Genetic analyses based on chromosomal lac fusions to nitrogen fixation (nif) genes demonstrated that NifA-dependent transcriptional activation of expression of Rhodobacter capsulatus nifH and nifB1 was negatively modulated by HvrA, whereas regulation of rpoN, nifA1, and nifA2 was independent of HvrA. Expression of hvrA itself was not influenced by a mutation in ntrC, which is absolutely essential for N 2 fixation. Furthermore, HvrA accumulated to comparable levels in the presence and absence of ammonium, suggesting that the amount of HvrA in the cells does not differ under nitrogenase-repressing or -derepressing conditions. In addition, competitive gel retardation studies with HvrA-His 6 purified from R. capsulatus were carried out, demonstrating preferential binding of HvrA to the nifH promoter region.
Introduction
The genome DNA of Escherichia coli is associated with a core set of 10^20 di¡erent DNA-binding proteins involved in nucleoid formation, including H-NS (histonelike nucleoid structuring protein), StpA (suppressor of td 3 phenotype A), IHF (integration host factor), and Fis (factor for inversion stimulation) [2] . In contrast to IHF and Fis, which bind to speci¢c DNA sequences, H-NS and StpA bind sequence-non-speci¢cally to intrinsically curved sequences. In addition to recognizing curved DNA, H-NS can induce curvature in non-bent DNA [24] . Beside its function in the organization of the bacterial chromosome, H-NS has been demonstrated to contribute to the regulation of expression of a large number of genes [11, 25] . In addition, the H-NS analogue, StpA, can act as a molecular backup for H-NS in the control of many genes.
H-NS-like proteins are widespread in enterobacteria and other Gram-negative bacteria including the phototrophic non-sulfur purple bacterium Rhodobacter capsulatus [3, 5] . Synthesis of the R. capsulatus H-NS-like protein, HvrA, in E. coli complements various phenotypes of an hns mutant demonstrating functional similarity of both proteins [3] . In contrast to E. coli, R. capsulatus seems to harbor only one H-NS-like protein encoded as part of the regulatory senCregA-hvrA operon [5, 8] . HvrA appears to function as a trans-activator controlling reaction center and light-harvesting gene expression in response to alterations in light intensity [8, 9] . In addition to its function as a low-light activator of the photosynthetic apparatus, HvrA serves as a regulatory link of photosynthesis and the process of nitrogen ¢xation catalyzed by the nitrogenase enzyme complex [13] . R. capsulatus is able to ¢x atmospheric dinitrogen either by a molybdenum-containing nitrogenase (nif-encoded) or by an alternative iron-only nitrogenase (for a review, see [16] ). Both nitrogenase systems are only expressed under conditions of ammonium depletion, and a regulatory cascade resembling the general nitrogen regulation (Ntr) system of enteric bacteria has been proposed for R. capsulatus (for a review, see [15] ). Under conditions of nitrogen limitation, the response regulator NtrC becomes phos-phorylated (and thereby activated) by its cognate sensor kinase NtrB. NtrCVP activates transcription of nifA and anfA encoding the transcriptional activators for all the other nitrogen ¢xation genes. In turn, NifA activates expression of its target nif genes, including nifHDK (encoding the apo-proteins of nitrogenase), nifB (involved in biosynthesis of the iron^molybdenum cofactor of nitrogenase), and nifU2-rpoN (with rpoN encoding a nif-speci¢c sigma factor). In contrast to other diazotrophic bacteria, R. capsulatus contains two copies of nifA encoding the highly similar NifA1 and NifA2 proteins, which can functionally substitute for each other [17, 19] . In addition to NtrC-mediated transcriptional control of nifA1 and nifA2 expression, activity of both NifA proteins is downregulated in the presence of ammonium in an NtrC-independent manner (for a review, see [15] ).
As described previously, a mutation in hvrA (in an R. capsulatus strain constitutively expressing nifA1) releases ammonium control of nifH expression [13] . In the present study we present genetic evidence that HvrA regulates expression not only of nifH but also of nifB1, whereas expression of rpoN, nifA1, and nifA2 seems to be independent of HvrA. Competitive gel retardation experiments suggest that modulation of nifH expression is exerted via direct binding of HvrA to the nifH promoter region.
Materials and methods

Bacterial strains, construction of R. capsulatus strain RA7, and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . As a basis to construct R. capsulatus strain RA7 (hvrA-his 6 ) the hvrA coding region was PCRampli¢ed (primer pair PKR1-U/L; Table 2 ), and bluntend cloned into pK18 resulting in hybrid plasmid pKRa20. Correct ampli¢cation was veri¢ed by DNA sequence analysis. To create an hvrA-his 6 fusion, a 310-bp NdeI-XhoI fragment from pKRa20 was cloned into pET22b(+) encoding a His 6 tag resulting in hybrid plasmid pKRa21. A 4.2-kb HindIII fragment from pNIRUB96-II (carrying the kanamycin resistance gene of transposon Tn5 and the mob locus of RP4) was treated with the Klenow fragment of polymerase I, and subsequently bluntend cloned into the ScaI site of pKRa21 resulting in the mobilizable hybrid plasmid pKRa23, which is not able to replicate in R. capsulatus. Therefore, maintenance of pKRa23 requires plasmid integration into the chromosome involving a single cross-over event resulting in R. capsulatus mutant strain RA7 carrying an hvrA-his 6 fusion under control of the native promoter of the senCregA-hvrA operon. Methods for conjugational plasmid transfer between E. coli and R. capsulatus and the selection of mutants, growth media, growth conditions, and antibiotic concentrations were as previously described [14, 17] .
DNA biochemistry
DNA isolation, restriction enzyme analysis, agarose gel electrophoresis, and cloning procedures were performed using standard methods [22] . Restriction enzymes, T4 DNA ligase, and Pfu polymerase were purchased from MBI Fermentas and Stratagene, respectively, and used as recommended by the suppliers. PCR ampli¢cation was carried out in a RoboCycler Gradient 40 (Stratagene) using Pfu polymerase. Primer pairs used for PCR ampli¢cation are shown in Table 2 .
2.3. Puri¢cation of HvrA-His 6 from R. capsulatus strain RA7 and gel retardation assays R. capsulatus mutant strain RA7 (hvrA-his 6 ) was grown photoheterotrophically in 18 l of RCV minimal medium with 20 mM ammonium as N source until early exponential phase (optical density at 660 nm of 1.2). Cells were harvested by centrifugation and washed with bu¡er A (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, and 20 mM imidazole). After disruption of the bacteria in a French press cell (at 2200 psi), cell debris was removed by centrifugation, and crude extracts were loaded onto a 3-ml Ni-NTA chelation column (Qiagen). After adsorption on the column and washing with bu¡er A containing 100 mM imidazole, proteins were eluted with a 100^400 mM imidazole gradient in bu¡er A. Bu¡er was changed to bu¡er B (40 mM NaH 2 PO 4 , pH 8.0, 500 mM NaCl) using a PD-10 desalting column (Pharmacia). The purity of the HvrAHis 6 preparation (total yield of 294 Wg) was analyzed by SDS^PAGE and MALDI-TOF mass spectroscopy (Voyager DE-PRO, Applied Biosystems).
DNA fragments for gel shift assays were obtained by PCR ampli¢cation (Table 2) . Promoter fragments and competitor DNA were mixed and incubated for 15 min at room temperature with HvrA-His 6 in 10 Wl of reaction mixture (40 mM HEPES, pH 8.0, 100 mM potassium glutamate, 10 mM magnesium aspartate, 0.1 mg ml 31 bovine serum albumin, and 0.022% IGEPAL CA-630, Sigma). Protein^DNA complexes were resolved on a 3% MetaPhor agarose (Biozym) gel as described previously [3] .
L-Galactosidase assays
To determine L-galactosidase activities of R. capsulatus strains carrying chromosomal lac fusions to nifB1, rpoN, nifA1, nifA2, and hvrA, respectively, corresponding strains (Table 1) were grown in RCV minimal medium containing either 20 mM ammonium or 9.5 mM serine. Ammonium (+N conditions) prevents synthesis of nitrogenase, whereas growth on serine as sole N source allows formation of active nitrogenase in R. capsulatus (3N conditions). Following growth in the respective media to late exponential phase, L-galactosidase activities were determined by the SDS^chloroform method [18] .
Western analysis
Protein extracts of R. capsulatus were isolated as described earlier [17] . Proteins were separated on 14% Table 2 Primer pairs used to PCR-amplify selected promoter and competitor DNA fragments
Primer pair
Oligonucleotide sequence (5P-3P) Relevant characteristics
a Underlined sequences mark recognition sites for NdeI and XhoI, respectively. SDS^polyacrylamide gels and subsequently blotted to polyvinylidene di£uoride membranes (Bio-Rad). Detection of HvrA and NifH proteins was performed using the ECL kit (Amersham Pharmacia Biotech). The HvrA-speci¢c antiserum was raised against a recombinant HvrA-His 6 fusion protein puri¢ed from E. coli (data not shown; Eurogentec). Detection of R. capsulatus NifH was performed using an antiserum raised against Azotobacter vinelandii NifH protein (AvII; [7] ).
Results and discussion
HvrA modulates expression of selected nitrogen ¢xation genes
Mutational analysis of an R. capsulatus reporter strain (W49I/R372I), carrying a constitutively expressed nifA1 gene (nifA1 c ) and a nifH-lacZ gene fusion, identi¢ed HvrA as a putative modulator of nifH gene expression [13] . Constitutive expression of nifA1 is required to circumvent NtrC-mediated ammonium control. In the parental strain W49I/R372I (nifA1 c , nifH-lacZ) expression of nifH was observed only in the absence (3N) but not in the presence (+N) of ammonium. In contrast, disruption of hvrA (in the genetic background of W49I/R372I) led to strong nifH-lacZ expression under +N conditions with levels of L-galactosidase activities in the range of the maximum activity obtained with the parental strain under 3N conditions [13] . Moreover, in the absence of ammonium, the hvrA mutant strain M3-4 (W49I/R372I, hvrA: :Tn5) showed about two times greater L-galactosidase activity than the parental strain.
In this study we ¢rst asked whether this e¡ect of HvrA was speci¢c for nifH expression or if hvrA mutations also a¡ect expression of other genes involved in nitrogen ¢xa-tion. This question was addressed using chromosomal nifB1-lacZ and rpoN-lacZ fusions. As mentioned above, in R. capsulatus expression of the nifU2-rpoN operon is under control of NifA [6, 20] . In addition, we asked whether HvrA-mediated modulation of nif gene expression might be speci¢c for NifA1-dependent transcriptional activation or if NifA2-and AnfA-dependent transcriptional control is similarly in£uenced by HvrA. For this purpose appropriate R. capsulatus mutant strains were constructed and analyzed for expression of the lac reporter fusions ( Table 3) .
The data shown in Table 3 may be summarized as follows. (i) A mutation in hvrA led to signi¢cant NifA1-dependent expression of nifB1 in the presence of ammonium, whereas only background levels were observed in the respective strain carrying the wild-type hvrA gene, clearly demonstrating that control of nifB1 (like nifH) involves HvrA. (ii) In contrast to the situation with nifB1 and nifH, disruption of hvrA showed only little e¡ect on NifA1-mediated expression of rpoN. Therefore, HvrA does not modulate expression of all the nif genes to the same extent, suggesting that HvrA does not act via control of NifA1 activity. (iii) Analysis of strains constitutively expressing nifA2 (nifA2 c ) basically led to the same results concerning HvrA-mediated control of nifB1 expression as observed with the nifA1 c strains. In contrast to the nifA1 c strains, low expression of nifB1 was observed under +N conditions in the nifA2 c strains carrying the wild-type hvrA gene. A similar observation was made for nifH expression [19] con¢rming that NifA1 and NifA2 di¡er slightly from each other with respect to ammonium-dependent control of activity [15] . (iv) Expression of nifB can be activated not only by NifA but also by the transcriptional activator of the anf genes, AnfA. Similar to NifA1 and NifA2, AnfAmediated expression of nifB1 was modulated by HvrA. In summary, these data strongly suggest that HvrA-mediated control of expression of nitrogen ¢xation genes is exerted at the level of selected nif promoters independent of the respective transcriptional activator.
To analyze whether NtrC-mediated expression of the regulatory nifA1 and nifA2 genes might be in£uenced by HvrA, R. capsulatus strains carrying chromosomal nifA1-lacZ and nifA2-lacZ fusions, respectively, were examined for expression of the lac reporter fusions (Table 4) . Under 3N conditions nifA1 and nifA2 were expressed to similar extents, whereas under +N conditions signi¢cant expression of nifA1 (but not of nifA2) was found. Low expression of nifA1 in the presence of high concentrations of ammonium has been described earlier [12] . No signi¢cant di¡erences in expression of nifA1 and nifA2 were observed in an hvrA mutant background compared to an hvrA þ strain, ruling out that HvrA controls expression of either nifA1 or nifA2.
Since HvrA negatively modulates expression of the structural genes of nitrogenase [13] , and consequently, in£uenced accumulation of nitrogenase ( Fig. 1; see below) , we asked whether synthesis and/or activity of nitrogenase might vice versa a¡ect expression of hvrA. To answer this question we compared expression of a chromosomal hvrAlacZ fusion in R. capsulatus strains TD181 and TD183 (Table 4) . Due to a mutation in ntrC, strain TD183 is unable to activate expression of nitrogen ¢xation genes, whereas strain TD181 synthesizes active nitrogenase under 3N conditions. No signi¢cant di¡erences of hvrA expression were observed for these two strains, suggesting that there is no feedback between synthesis and/or activity of nitrogenase catalyzing the highly energy-demanding process of N 2 ¢xation and expression of hvrA. Accordingly, the level of HvrA protein was in the same range in cells grown under nitrogenase-repressing (+N) or -derepressing (3N) conditions ( Fig. 2; see below) . Therefore, it seems unlikely that activity of nitrogenase somehow triggers HvrA-mediated control of nif gene expression.
Puri¢cation of HvrA
Like E. coli H-NS, R. capsulatus HvrA binds preferentially to the bla promoter region as shown by gel shift experiments [3] . In these experiments binding was achieved with a recombinant HvrA-His 6 protein puri¢ed from E. coli. As a prerequisite for gel retardation studies with nif promoters, we constructed R. capsulatus mutant strain RA7 carrying a chromosomal hvrA-his 6 fusion under control of the native promoter of the senC-regA-hvrA operon (Section 2).
To rule out that the His tag interferes with the function of HvrA, we examined HvrA-mediated control of nitrogenase synthesis by Western analysis with antisera against NifH (Fig. 1) . For this purpose plasmid pAPA1 (nifA1 c ) was introduced into RA7 (hvrA-his 6 ), B10S (hvrA þ ), and TD105 (hvrA 3 ). Like R. capsulatus mutant strain M3-4 [13] , the hvrA mutant strain TD105 (carrying pAPA1) synthesized NifH in the presence of ammonium. In contrast, the wild-type strain B10S (carrying pAPA1) did not accu- Fig. 1 . Detection of nitrogenase reductase (NifH) in R. capsulatus wildtype and hvrA mutant strains. R. capsulatus strains carrying hybrid plasmid pAPA1 (nifA1 c [19] ) were grown photoheterotrophically in RCV minimal medium with 20 mM ammonium until late exponential phase. Total protein extracts of two parallel cultures (A,B) of each strain were analyzed by Western blot analysis using an antiserum against nitrogenase reductase (Section 2). Horizontal arrows mark the position of the unmodi¢ed (NifH) and the modi¢ed (ADP-ribosylated) form of NifH (NifH m ), respectively. Fig. 2 . Detection of HvrA in R. capsulatus wild-type and hvrA mutant strains. R. capsulatus strains were grown photoheterotrophically in RCV minimal medium in the presence (+) or absence (3) of ammonium until late exponential phase. Total protein extracts of these cultures were analyzed by Western blot analysis using an antiserum against HvrA (Section 2).
mulate NifH under +N conditions con¢rming that HvrA acts as a negative modulator of nifH gene expression. Similar to the wild-type, mutant strain RA7 (carrying pAPA1) accumulated only very low amounts of NifH in the presence of ammonium, demonstrating that HvrAHis 6 is functional and can (to a great extent) substitute for HvrA as a negative modulator of nifH gene expression. Puri¢cation of HvrA-His 6 from R. capsulatus mutant strain RA7 was carried out as described in Section 2 using a Ni-NTA column. Identity of the puri¢ed HvrA-His 6 protein was veri¢ed by MALDI-TOF mass spectroscopy. The experimentally resolved molecular mass of 12 502.48 was close to the calculated average mass of 12 500.35 as determined for the HvrA-His 6 protein containing the N-terminal methionine residue.
To analyze whether the His tag in£uences stability of the HvrA-His 6 protein, Western studies using an antiserum raised against HvrA-His 6 were carried out. As shown in Fig. 2 , accumulation of HvrA was determined in total protein preparations isolated from the R. capsulatus strains B10S (wild-type), RA7 (hvrA-his 6 ), and TD105 (hvrA null mutant). B10S and RA7 contained comparable amounts of HvrA and HvrA-His 6 , respectively, suggesting that the His tag does not signi¢cantly in£uence protein stability. Furthermore, comparable amounts of HvrA accumulated in cells grown either under nitrogenase-repressing (+N) or -derepressing (3N) conditions, con¢rming the genetic data shown in Table 4 , and indicating that the availability of ammonium does not regulate synthesis of HvrA.
HvrA binds speci¢cally to the nifH promoter
To analyze whether R. capsulatus HvrA binds speci¢-cally to nif promoters, competitive gel retardation assays were carried out. For this purpose, DNA fragments ranging from 218 to 287 bp encompassing selected promoters were PCR-ampli¢ed (Table 2) , and gel shift assays with increasing amounts of HvrA-His 6 were performed as previously described [3] . In such assays restriction fragments of vector plasmid pBR322 may serve as competitive DNA [3] . Therefore, in this study we used a PCR-ampli¢ed DNA fragment (primer pair PKR2-U/L; Table 2 ) corresponding to the 475-bp TaqI-SspI fragment of pBR322 as a competitor DNA.
To establish the conditions for band shift assays, experiments with the 217-bp bla promoter (primer pair PKR3-U/L; Table 2) were carried out. As shown in Fig. 3 , shifting of the P bla fragment started at an HvrA-His 6 concentration of about 3 WM, which is in good agreement with data by Bertin et al. [3] . Under the conditions described in the legend of Fig. 3 and in Section 2, no shift of the competitor DNA was observed.
The 218-bp DNA fragment encompassing the nifH promoter (primer pair PKR4-U/L; Table 2 ) was shifted at an HvrA concentration similar to the value determined for P bla retardation (Fig. 3) . The P nifH fragment carries all known cis-regulatory elements, namely the binding sites for the transcriptional activator NifA (UAS), for the integration host factor (IHF) involved in DNA bending, and Competitive gel retardation assays with HvrA and nif promoter fragments. The P bla promoter, selected nif promoter fragments (P nifH , P nifU2 , P nifA1 , and P nifB1 ), an nifH-internal DNA fragment, and the 475-bp competitor DNA fragment were PCR-ampli¢ed as described in Section 2 ( Table 2) . About 60 ng competitor DNA was mixed with 20 ng of either P nifH , P nifU2 , P nifA1 , P nifB1 , or an nifH-internal fragment, prior to addition of HvrA-His 6 at the indicated concentrations. After protein^DNA complex formation, the fragments were resolved on a 3% MetaPhor agarose gel.
for RNA polymerase containing the alternative sigma factor RpoN (324/312 region). As a negative control, we included experiments on a nifH-internal DNA fragment devoid of these cis-regulatory elements (primer pair PKR5-U/L; Table 2 ). In contrast to the nifH promoter, the nifH-internal fragment was not shifted at all. These experiments strongly suggest that modulation of nifH expression via HvrA [13] is directly mediated by speci¢c binding of HvrA to the nifH promoter region. However, at present it remains unknown to which degree HvrA binding is in£uenced by DNA topology at the native location in the chromosome compared to the in vitro situation based on a PCR-ampli¢ed target DNA. Furthermore, under in vivo conditions the H-NS-like protein HvrA might interact with other proteins known to bind the nifH promoter region, namely NifA1, NifA2, IHF, and RNA polymerase containing c 54 (RpoN). Indeed, E. coli H-NS is able to form highly ordered nucleo-protein complexes, e.g. with IHF, Fis, FNR, and NarL/NarP at the nir promoter [4] .
As shown in Fig. 3 , the nifA1 promoter was not shifted by HvrA. This ¢nding is in good agreement with genetic data on expression of a nifA1-lacZ fusion, since expression of this reporter fusion was not a¡ected by an hvrA mutation (Table 4) .
Similar to the situation for P nifA1 , genetic studies on expression of a nifU2-rpoN-lacZ fusion suggested that HvrA is not involved in control of P nifU2 (Table 3) . Surprisingly, clear shifting was observed for the nifU2 promoter, albeit at higher HvrA concentrations than those su⁄cient for retardation of P nifH (Fig. 3) . At present, it remains speculative whether HvrA binds P nifU2 without signi¢cantly a¡ecting expression of nifU2-rpoN, or if binding of HvrA does not occur under in vivo conditions (in the presence of other DNA-binding proteins, which are missing in the gel retardation assay).
In contrast to the situation for nifA1 and nifU2-rpoN, expression studies based on a nifB1-lacZ fusion clearly demonstrated a regulatory role for HvrA on expression of nifB1 (Table 3) . Unexpectedly, the nifB1 promoter was not shifted by HvrA (Fig. 3) . At present we cannot rule out whether control of nifB1 expression occurs indirectly via HvrA-dependent modulation of a yet unidenti¢ed regulatory protein. However, since expression of nifB1 occurs at a much lower level compared to nifH ( [13] ; this study), it seems more likely that only strong nif promoters like P nifH e⁄ciently bind HvrA, and HvrA-mediated modulation of weaker promoters like P nifB1 can only be detected by the more sensitive genetic system.
